The entorhinal cortex contains a network of grid cells that play a fundamental part in the brain's spatial system, supporting tasks such as path integration and spatial memory. In rodents, grid cells are thought to rely on network theta oscillations, but such signals are not evident in all species, challenging our understanding of the physiological basis of the grid network. We analyzed intracranial recordings from neurosurgical patients during virtual navigation to identify oscillatory characteristics of the human entorhinal grid network. The power of entorhinal theta oscillations showed six-fold modulation according to the virtual heading during navigation, which is a hypothesized signature of grid representations. Furthermore, modulation strength correlated with spatial memory performance. These results demonstrate the connection between theta oscillations and the human entorhinal grid network and show that features of grid-like neuronal representations can be identified from population electrophysiological recordings.
D
uring navigation, entorhinal grid cells activate when one crosses a series of locations that are arranged in a hexagonal lattice that tiles our surrounding environment (1) . These cells represent our current location in space to support path integration (2) and memory (3) . Entorhinal grid-like coding patterns also represent other behaviorally relevant information beyond location in physical space, such as visual space (4, 5) , sensory information (6) , and abstract concepts (7) . Given their importance, researchers have probed the physiological basis of entorhinal grid representations, finding that neuronal oscillations, particularly in the theta band (5 to 8 Hz), have a pivotal role in rodents (8) (9) (10) (11) (12) . However, studies reported that navigation-related theta oscillations in bats and humans differ from the signals measured in rodents-including having a slower frequency and duration (13, 14) -which suggests that the link between oscillations and entorhinal grid representations may not be preserved across species. We examined this issue in humans with the use of rare direct recordings of oscillations from the entorhinal cortex (EC). We use these recordings to test whether human EC oscillations have properties indicating that they relate to grid-like representations of the spatial environment.
Whereas much research on the contribution of the EC to spatial navigation focused on the activity of individual grid cells, an emerging body of work with fMRI showed that grid-like representations are also visible in aggregate signals across neuronal populations. When a subject navigates, the fMRI signal from the EC is elevated for movements that are oriented near each of six equally spaced (60
• ) heading directions (3)-a phenomenon termed "hexadirectional modulation." The hexadirectional modulation of population EC activity is a robust phenomenon, as it was replicated in many settings (4, 5, 7) and shown to correlate with navigation performance and with indications of neurological disease (15, 16) . The common view in this body of work is that the headings that elicit elevated fMRI activity correspond to the six primary axes of the representations of the underlying grid cells, which also have a hexadirectional structure (3) . Although the single-neuron basis of the population hexadirectional signal has not been definitively identified (see Discussion), the existence of this signal is important because it suggests that one can measure properties of the entorhinal grid code from mesoscale neural recordings.
Building from the fMRI work, we hypothesized that we would observe hexadirectionally modulated patterns in population electrical signals from the EC. Therefore, we measured intracranial electroencephalographic (iEEG) recordings from neurosurgical patients as they performed a virtual navigation task. We then tested whether the power of iEEG oscillations was hexadirectionally modulated according to the subject's heading, using analogous methods to those used with fMRI (3). Going beyond fMRI work, because iEEG data have a higher temporal resolution, we measured the temporal dynamics of this signal to identify a potential functional role in spatial grid representations for entorhinal oscillations in the high-theta range and other bands.
Results
Hexadirectional Modulation of Entorhinal Theta Oscillations. We recorded iEEG signals from neurosurgical patients with electrodes in their EC (n = 20 subjects) as they performed a virtual-reality spatial navigation and memory task (17, 18) (Fig.  1D and SI Appendix, Fig. S1 ). Subjects accurately navigated and
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To identify iEEG correlates of grid representations, we analyzed how the power of oscillations related to each subject's instantaneous heading during movement in a hexadirectional fashion. At each electrode, we measured for every time point throughout virtual movement the oscillatory power at each of five predefined frequency bands. We then measured the degree to which the oscillatory power on each electrode at a given frequency was hexadirectionally modulated by the subject's instantaneous heading, which we quantified as the β from a general linear model (see SI Appendix). To measure the statistical reliability of each electrode's hexadirectional representation at each frequency, we calculated zg , which is the z score of the p value for each β, as estimated with a permutation procedure.
We performed this analysis for each electrode and then aggregated the results by calculating the mean zg for each subject and region of interest (averaging across electrodes for subjects with multiple contacts in a region). Using these values, we found a significant grid-like hexadirectional modulation of entorhinal oscillatory power in the high-theta band (5 to 8 Hz). This modulation was significantly positive across subjects when calculated both for the raw β values (mean β = 0.01 ± 0.004; t test p < 0.018, Fig. 1E ) and for the zg values (mean z = 0.72 ± 0.27, t test p < 0.008, Fig. 1F ). To assess the specificity of this hexadirectional modulation, we repeated this analysis for entorhinal signals at other predefined frequency bands. However, we did not find that β or zg were significantly positive in any other bands ( Fig. 1F and SI Appendix, Fig. S3 ). We also measured this effect with a higher spectral resolution (Fig. 1J) , and this analysis confirmed that hexadirectional modulation was significant only in the high-theta band and more specifically at 5.4 to 7.5 Hz with a peak value at 6.1 Hz (p < 0.002). Entorhinal theta power was significantly hexadirectionally modulated when measured separately in each of the left and right hemispheres (ps< 0.05; SI Appendix, Fig. S4 ), indicating that the hexadirectional modulation of entorhinal theta power is a bilateral effect.
In addition to these group-level analyses, we also assessed whether individual electrodes showed reliable hexadirectional modulation. These analyses showed that many individual electrodes had robust hexadirectional patterns (e.g., Fig. 2 and SI Appendix, Fig. S5 ). In the theta band, 30% of the 50 entorhinal electrodes showed significant (p < 0.05) hexadirectional modulation, which was substantially more than the 5% expected by chance (p < 10 −8 , binomial test). Overall, 55% of the 20 subjects had at least one such electrode, and 25% of subjects individually had a statistically significant proportion of entorhinal electrodes that showed this effect (p < 0.002, binomial test) (SI Appendix, Fig. S6 ).
As a control analysis, we next examined whether our results specifically reflected hexadirectional symmetry rather than other types of directional patterns. To do this, we used our main statistical model to test for modulation of oscillatory power according to other rotational symmetries instead of six-fold hexadirectional modulation. We did not find significant modulation of entorhinal power for any other control symmetry type (ps > 0.3 and mean zg s < 0.21 for four-, five-, seven-, and eight-way symmetries; Fig. 1H ). We then tested if the hexadirectional modulation was specific to the EC. Repeating our main analysis across regions, significant hexadirectional modulation of theta power was only found in the EC and not in other nearby control regions roughly matched for size and electrode coverage (Fig. 1I) , such as the dentate gyrus (zg = 0.15, p = 0.7) and hippocampal region CA1 (zg = −0.02, p = 0.9), nor was it found in larger areas such as the occipital (zg = 0.05, p = 0.6) and frontal lobes (zg = 0.04, p = 0.9).
Since we collected the data from patients with intractable epilepsy, we avoided data collection from within 2 h of a seizure event. However, we also confirmed in a control analysis that our main effect of hexadirectionally modulated theta power persisted after excluding the sites and time points that showed evidence of potential epileptiform activity (zg = 0.83, p < 0.05; see SI Appendix, SI Methods). After performing this exclusion, the data analyses showed the same pattern of hexadirectional activity across frequencies, spatial symmetry types, and anatomical regions, which confirmed that our main effects were not related to epileptiform activity.
Hexadirectional Modulation and Behavior. Given the hypothesized role of grid representations in memory (3), we next measured the correlation between memory performance and hexadirectional modulation of theta power (as measured with zg ). Mean memory scores positively correlated with zg across subjects (r = 0.55, p < 0.011; Fig. 3A ). Fig. 3B shows the relation between task performance and hexadirectional representations across frequencies, showing a significant peak in the theta band only for goodperforming subjects, where the effect is significantly greater than in bad-performing subjects. This supports the view that hexadirectional theta representations are behaviorally relevant, as they were more prominent in patients with the best task performance. For analyses of the relation of hexadirectional modulation to subject demographics, see SI Appendix, Fig. S7 .
Hexadirectional Modulation Within Other Frequencies. Although we observed the strongest hexadirectional modulation for local field potential (LFP) power in the theta band, there were indications of similar effects at other frequencies for some electrodes and subjects, including within the beta and gamma bands. SI Appendix, Fig. S6 shows the number of electrodes that individually showed statistically significant effects at each frequency, and Fig. 1J . We separated the subjects into good and bad performers via a median split on memory scores. Shading indicates statistical significance at p < 0.05: gray indicates a significant difference between the two groups; green and blue shading indicates that the good and bad groups, respectively, are significantly different from zero.
performing subjects (Fig. 3B) . Further, using a different analysis technique based on circular-linear modeling (see SI Appendix), we replicated our main findings and also showed significant hexadirectional modulation within the beta band across the entire population (SI Appendix, Fig. S8 ). Together, these results suggest that hexadirectional modulation of the entorhinal LFP may extend to other frequencies beyond the high-theta band.
Grid Orientations Are Consistent for Each Subject but Differ Across
Subjects. To examine the consistency of grid representations, we compared the orientations of hexadirectional representations across electrodes. First, we compared grid orientations between separate electrodes from each individual as well as across subjects (see SI Appendix). Analyzing the individuals who had multiple entorhinal electrodes (n = 11), we found that grid orientations were similar between contacts within a subject (p < 0.001; Fig. 4 A and B) . However, across subjects, mean grid orientations were not clustered to any specific direction (p = 0.6, Rayleigh test; Fig. 4C ). The finding that grid orientations were uniformly distributed relative to the environment is consistent with the finding in rodents that grid-cell representations are randomly oriented for rectangular environments (4, 19, 20) . Furthermore, this suggests that the grids were not coupled to the environment's landmarks, which were separated by 90
• . We next examined the possibility that the observed hexadirectionally modulated theta correlated with subject movement in the task. Some subjects showed tendencies to move in particular directions during the task (SI Appendix, Fig. S2 ), perhaps due to unique orienting strategies for visual landmarks. However, we measured each subject's most common movement direction and found that this heading was uncorrelated with the mean preferred angle of the subject's hexadirectional modulation (circular-circular correlation, ρ = 0.08, p = 0.7). Thus, there is no evidence to indicate that the hexadirectionally modulated theta we observed was an artifact of subject movement patterns.
Analyzing subjects who had electrodes in both the left and right entorhinal cortices (n = 7), we found similar grid orientations across both hemispheres (v test, v = 3.9, p < 0.01; Fig. 4 D and E). These results support the view that humans have a stable grid representation that is coherent within and across both hemispheres but that varies across individuals even when representing the same environment.
To examine the stability of these signals, we compared grid orientations for the subjects (n = 9) who performed separate sessions of the task on different days. Grid orientations were stable across sessions (v = 5, p < 0.008; Fig. 4 F and G) , indicating that the entorhinal representation of an environment is preserved over time.
Replication. To verify the reliability of the hexadirectional modulation of entorhinal theta power, we next preregistered (Open Science Framework, https://goo.gl/Z9GamB) and tested our main result on a separate dataset. In this dataset, 15 subjects with 22 entorhinal electrodes performed the "Treasure Hunt" task (task described in ref. 21 ; see SI Appendix). We found the same pattern of results: The power of entorhinal theta oscillations was hexadirectionally modulated with a similar magnitude as in our main dataset. This pattern was not found at other frequency bands, brain regions, or organizational symmetries (SI Appendix, Fig. S9 ). This replication thus supports the view that our findings are robust.
Discussion
We show that theta oscillations in the human EC show six-waysymmetric hexadirectional modulation according to the direction of movement in an environment. This hexadirectional oscillatory modulation was robust at the group level and for many electrodes individually. This type of hexadirectional modulation of a large-scale neural signal is commonly interpreted as a signature of grid cells (3), which suggests that recordings of entorhinal oscillations may be used to assess certain properties of grid representations. By measuring the correlation between patients' navigation performance and the robustness of their hexadirectional theta modulation, we found that this pattern was strongest in the subjects who showed good navigation performance. Practically, this result is useful because it suggests that one can use measurements of hexadirectional activity to predict when someone is disoriented. Further, this indicates that our population results could be underreporting the theoretical capabilities of this method because its apparent statistical robustness is diminished due to weaker scores from poorly navigating subjects.
The predominant view from several studies is that the hexadirectional modulation of population neural signals from the EC reflects the spatial representations of underlying grid cells (3-5, 7, 15, 16) , although this link has not yet been proven directly. However, as described by Doeller et al. (3) , there are theories of how the aggregate activity across populations of entorhinal cells would produce hexadirectional modulations of the group activity that are aligned with the spatial firing patterns of individual grid cells. Both of these explanations rely on the known similarity of grid-cell orientations across the EC (1). One way that population hexadirectional modulation could occur is due to the summed activity of conjunctive grid-by-direction cells (22) , which are theta-modulated (23) and have preferred directions that are preferentially aligned to the primary axes of the underlying spatial grid representations [Doeller et al. (3) ; Fig. 1C ]. Owing to this alignment, the mean population activity of the network of grid-by-direction cells would be hexadirectionally modulated, such that there would be greater neuronal activity overall during movements at grid-aligned headings. A second potential mechanism for hexadirectional modulation of population activity involves the phenomena of repetition enhancement and suppression (24) . When a subject moves through an environment at an angle aligned with the main axis of the entorhinal grid, it will cause a relatively small set of neurons to activate repeatedly because the firing fields of individual grid cells are spaced more tightly when measured at orientations parallel to the grid's main axis. Inversely, movements at misaligned directions would activate a broader group of grid cells because their firing fields are more broadly spaced at these headings. In conjunction with repetition enhancement and suppression, in which neurons change firing rates nonlinearly when activated repeatedly, the differing spacing of individual grid fields between aligned and misaligned headings would cause variations in the population signal.
Because we did not record directly from individual grid cells in this dataset, we unfortunately cannot distinguish between these models, and moreover, as both of these models have been criticized, we cannot rule out the possibility that the hexadirectional activity we observed reflects a different phenomenon that is distinct from the activity of underlying grid cells. Nonetheless, we think it seems likely that hexadirectional population signals are related to the activity of underlying grid cells in light of the multiple studies that showed correspondences in features between the single-cell and aggregate measures of grid representations (3-5, 7, 15, 16) . The connection between our results and the fMRI literature fit well with the previous finding that in the human EC the fMRI BOLD signal is more correlated with theta oscillations than with gamma as common in cortical regions (25) .
Our findings have both practical and theoretical implications by showing that features of entorhinal grid representations are evident in large-scale recordings of neuronal oscillations. First, by demonstrating that oscillations in the 5 to 8 Hz band are most strongly correlated with the activity of the entorhinal grid network, it supports a role for high-theta oscillations in the entorhinal representation of space in humans, despite the fact that earlier work in humans showed mixed evidence for the presence and behavioral relevance of navigation-related high-theta signals (14, (26) (27) (28) . This connection between theta and human entorhinal grid representations also supports the oscillation-and hybrid attractor-based models of grid cells developed based on rodent results, which had been challenged by the lack of clear oscillatory signals in humans and bats (8, 12, 13, 29, 30) .
Practically, these results are important because they offer a way to measure population grid-like activity and characteristics with oscillations, expanding beyond single-cell and fMRI recordings. Our results generally support the studies showing that the human grid representations can be measured with fMRI, both by replicating the general method for identifying hexadirectional modulation patterns in population signals (31) and by replicating specific features of the fMRI results, such as demonstrating grid orientation stability within subjects and showing differences across subjects (4) . The ability to measure properties of the grid network with oscillations, combined with the correlation of this signal with task performance, is useful because it could allow the development of techniques to decode, and possibly influence, one's orientation and memory state from mesoscale brain recordings (32) . Single-neuron recordings of grid cells are indispensable for many purposes because they provide a more detailed kind of spatial information compared with the hexadirectional LFP signal. However, the LFP signal has advantages for certain purposes: In addition to directly revealing rhythmic features of this network, LFPs are easier to measure practically in humans, both in the EC and in other regions where single-cell recordings are not available. The ability to measure hexadirectional oscillations with LFPs, and in particular to predict whether someone is disoriented, opens avenues for future research.
More broadly, an intriguing feature of our findings is that, together with recent literature, they suggest that entorhinal theta oscillations could have a broad role in supporting various types of neural codes beyond location. There is evidence from single-cell recordings in animals that grid-like patterns represent various types of nonspatial variables in the EC (6) . Similarly, in humans, grid-like entorhinal patterns have been demonstrated for nonspatial representations (7) , and theta oscillations in the EC and surrounding areas are present and behaviorally relevant in various nonspatial tasks (33) . Together with our results, this work suggests that theta oscillations may have a general role in supporting various types of entorhinal neuronal codes that also follow grid-like representational schemes.
Methods
We studied data from 20 neurosurgical patients who had electrodes implanted in their EC. During recordings, subjects performed a virtualreality spatial navigation and memory task in which they had to encode the location of an object and then navigate to that same location from a different starting point. We analyzed the data to identify hexadirectional modulation of neural signals according to the subject's virtual heading during movement (3). We measured the power of oscillatory activity at various frequency bands and used a permutation procedure to identify sites that showed significant increases in oscillatory power when the subject faced in six equally spaced headings during movement in the environment. The study was approved by the Columbia University Institutional Review Board and all subjects provided their informed consent. For details on our methods, see SI Appendix, SI Methods.
